Monolithic single GaN nanowire laser with photonic crystal microcavity on silicon
Optically pumped lasing at room temperature in a silicon based monolithic single GaN nanowire with a two-dimensional photonic crystal microcavity is demonstrated. Catalyst-free nanowires with low density ͑ϳ10 8 cm −2 ͒ are grown on Si by plasma-assisted molecular beam epitaxy. High resolution transmission electron microscopy images reveal that the nanowires are of wurtzite structure and they have no observable defects. A single nanowire laser fabricated on Si is characterized by a lasing transition at = 371.3 nm with a linewidth of 0.55 nm. The threshold is observed at a pump power density of ϳ120 kW/ cm 2 and the spontaneous emission factor ␤ is estimated to be 0.08. © 2011 American Institute of Physics. ͓doi:10.1063/1.3540688͔
There is current interest in the development of nanoscale and ultralow threshold lasers monolithically on silicon for a variety of applications. Several schemes with various degrees of success have been reported. These include both direct epitaxy 1,2 and wafer bonding schemes. 3 However, the large mismatch induced defect density and the existence of antiphase domains present serious drawbacks and ultimately limit the long-term reliability of these devices. The successful catalyst-free growth of Ga͑In͒N nanowires on silicon substrates has been recently demonstrated by a few groups, including ours. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The nanowires grow vertically in the wurtzite crystalline form and detailed structural characterizations indicate that they are relatively defect-free. 13 Consequently, there is much interest in developing nanoscale lasers using semiconductor nanowires. 14, 15 Single nanowires have been shown to function as Fabry-Pérot cavities and waveguides. 14, 15 However, poor reflectivity ͑Ͻ0.4͒ ͑Ref. 16͒ between semiconductor and air requires the nanowire to be very long ͑ϳ40 m͒ to achieve stimulated emission, 16, 17 which is not conducive to the realization of nanoscale lasers. In this letter we report an optically pumped monolithic single GaN nanowire laser on silicon, with a two-dimensional ͑2D͒ photonic crystal ͑PC͒ resonant cavity, operating at room temperature. GaN nanowires were grown on ͑111͒ Si substrates in the absence of a foreign metal catalyst in plasma-assisted molecular beam epitaxy ͑PA-MBE͒ system. 13 In order to achieve a low aerial density, the Ga flux and predeposition time of Ga droplets were fixed at 3.5ϫ 10 −8 Torr and 1 min, respectively. Figure 1͑a͒ shows an oblique view scanning electron microscopy ͑SEM͒ image of GaN nanowires grown on ͑111͒ Si with a low density of ϳ10 8 cm −2 . A single nanowire is vertically aligned and has a length of ϳ600 nm and a diameter of 20-50 nm. High-resolution transmission electron microscopy ͑HRTEM͒ studies 13 indicate that the nanowires are relatively defect-free and some evidence of this is provided in the HRTEM image of Fig. 1͑b͒ . The diffraction pattern in the inset of Fig. 1͑b͒ reveals that the nanowire has a single crystal wurtzite structure and the c-plane is normal to the growth direction.
The wurtzite crystal structure in the GaN nanowire results in an anisotropic dispersion curve near the band edge, with a smaller density of states in the x-and y-͑in-plane͒ directions compared to the out-of-plane z-direction ͑c-axis͒. Therefore, the gain for the same injection is larger for x-and y-polarized ͑TM-polarized͒ light than for z-polarized light. 18 A 2D photonic crystal with air-holes has a photonic bandgap for TM-polarized light and hence a defect microcavity for TM-polarized light can be easily designed in such a PC. 19 The device heterostructure, schematically shown in Fig. 2͑a͒ , consists of a single GaN nanowire at the center of a H2 defect and surrounded by a 2D PC microcavity fabricated in a TiO 2 layer and a spin-on-glass ͑SOG͒ layer as a low refractive index material to reduce optical loss from the TiO 2 layer to the Si substrate. As a resonator, a H2 defect PC microcavity is chosen to tolerate any alignment error in a lithography step and is designed by using three-dimensional finite difference time domain ͑FDTD͒ simulation. For better estimation, spectroscopic ellipsometry was carried out to characterize the optical properties of SOG and TiO 2 and period 120 nm. A small hollow that is formed around the nanowire in the center of the H2 defect during device fabrication is assumed to be a partially filled hole with a diameter of 80 nm in the calculation. The depth of the hollow was roughly estimated to be ϳ30 nm based on the amount of TiO 2 deposited on top of nanowire. The calculated Q-factor, mode volume, and confinement factor ⌫, obtained from the FDTD simulation, are 570, ϳ0.003 223 m 3 ͓0.92͑ / n͒ 3 ͔, and 0.04, respectively. The modal gain estimated from the Q-factor 20 is ϳ520 cm −1 and the corresponding optical gain at threshold is ϳ13 000 cm −1 , which is achievable in GaN. 21 Device fabrication is initiated with the spinning of a SOG layer on a low-density nanowire ͑ϳ10 8 cm −2 ͒ sample grown on ͑111͒ Si substrate. The SOG film is baked at 100 and 140°C successively for 4 min to evaporate residual solvents and is then cured at 350°C on a hot plate for 30 min in the absence of oxygen. A SEM image revealed that the sidewalls of the nanowires are not coated by SOG. After the device is cooled down to room temperature, TiO 2 is deposited by electron beam evaporation. The thickness of the SOG and TiO 2 films, measured by cross-sectional SEM, are 380 and 120 nm, respectively. The 2D PC microcavity is fabricated in the TiO 2 layer around the nanowire. Polymethyl methacrylate ͑PMMA͒ is spin-coated and a 2D PC, consisting of a triangular lattice of air holes with period a = 120-130 nm and hole diameter d = 70-80 nm, is patterned by electron beam lithography. The pattern in the PMMA layer is transferred to a TiO 2 layer by inductively coupled plasma reactive ion etching using SF 6 , C 4 F 8 , and Ar gases. PMMA is finally removed using oxygen plasma and acetone. Figure 2͑b͒ shows the fabricated device with a single nanowire aligned in the center of the H2 defect of the PC microcavity. There is no evidence of TiO 2 deposition on the sidewalls of the nanowire.
The device is optically excited at room temperature with a pulsed laser at = 266 nm with a pulse duration of ϳ100 fs and a repetition rate of 80 MHz. The pumping laser is focused on the device with an infinity-corrected objective lens ͑ϫ27͒ and the emitted light is collected with the same lens. The output spectrum is analyzed with a monochromator ͑resolution ϳ0.5 nm͒ and detected with a photomultiplier tube using phase lock-in amplification. Figure 3͑a͒ shows the output spectra recorded for pump power densities of 95 kW/ cm 2 ͑below threshold͒, 143 kW/ cm 2 ͑slightly above threshold͒, and 477 kW/ cm 2 ͑above threshold͒. At low pump power density ͑ϳ95 kW/ cm 2 ͒, a broad GaN bandedge emission with a full width at half maximum of ϳ10 nm is observed, which compares well with the reported linewidth of ϳ12 nm for GaN bandedge emission. 15 The output emission also exhibits a fairly narrow peak ͑ϳ4.5 nm͒ at = 370.4 nm which is believed to be due to the Purcell effect which enhances spontaneous emission. The enhanced spontaneous emission peak becomes more pronounced near threshold ͑120 kW/ cm 2 ͒ and evolves into a coherent lasing peak above threshold. The spectrum recorded at a high pump power density of 477 kW/ cm 2 shows a narrow lasing peak at = 371.3 nm. This peak is made up of two transitions, indicated by the two Gaussian fitting curves, with the dominant transition having a linewidth of ϳ0.55 nm limited by the measurement system. The redshift ͑ϳ0.9 nm͒ of the peak wavelength is partly due to bandfilling effects and also due to device heating. The variation of measured emission linewidth with pump power is shown in Fig. 3͑b͒ . In order to understand the origin of the dual lasing threshold͒, and 477 kW/ cm 2 ͑above threshold͒. Spectra are offset for clarity. The inset shows the lasing spectrum ͑circles͒, which is matched to the sum of two Gaussian peaks ͑solid lines͒; ͑b͒ measured linewidth of the dominant peak as a function of the pump power density; ͑c͒ calculated resonant modes with the nanowire in the center ͑solid lines͒ and off-center by 60 nm ͑dashed lines͒. Mode profiles of each case are shown on the right. peaks, the resonant modes were calculated for different positions of the nanowire in the H2 defect. As shown in Fig.  3͑c͒ , there are two degenerate modes at a / = 0.2826 and 0.28 267 ͑solid lines͒, which are spectrally very close when the nanowire is placed in the center. As the nanowire is placed off-center in the H2 defect, the two degenerate modes become more separated, leading to individual modes at a / = 0.28 167 and 0.28 191 ͑dashed lines͒. We therefore believe that the dual lasing peaks result from a lifting of the degeneracy of the dominant H2 cavity modes due to an offcenter positioning of the GaN nanowire within the defect. 22 The measured variation of the peak intensity of the emitted light with pump power density is shown in Fig. 4͑a͒ . A lasing threshold is observed at a pump power density of ϳ120 kW/ cm 2 . Calculated plots of emission intensity versus pump power density on a log-log scale are shown in Fig. 4͑b͒ . Calculations were done for values of the spontaneous emission factor ␤ of 0.02, 0.08, and 0.15. 23 The material parameters for GaN were obtained from Ref. 24 . The optical gain was approximated by a linear model, g͑n͒ = g 0 ͑n − n tr ͒, where g 0 = 2.5ϫ 10 −16 cm 2 and n tr = 7.5ϫ 10 18 cm −3 . 24 The measured integrated emission intensity versus pump power density is also plotted alongside the calculated curves. The best agreement between calculated and measured data is obtained for ␤ = 0.08.
In conclusion, we demonstrate the defect-free molecular beam epitaxial growth of low-density GaN nanowires on ͑111͒-oriented silicon substrates. Photonic crystal microcavity lasers were fabricated monolithically with a single nanowire on ͑111͒ Si using electron beam lithography and standard dry etching techniques. The steady-state characteristics of these lasers are reported. 
